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Premises and ter minology

By genetherapy wecall the entire ar-
ray of strategies by which anucleic acid, usu-
aly DNA, is administered with the aim of
modifying the genetic repertoire of target
cellst. The aim of such an approach is to
change the phenotypic response of the tar-
get cell, either through the synthesis of the
gene product (the protein) encoded by the
newly introduced nucleic acid, or through a
changein the expression of atarget gene. The
former strategy utilizes the transcription and
tranglation of the geneintroduced, and thus
exploitsthe cellular transcription and trans-
lation machinery alowing the production,
from one single gene, of severa copies of
messenger RNA (mRNA), and from each of
these several copies of the encoded protein.
With the latter strategy, we aim at an inter-
ference with the mechanisms of transcription
and translation. While the latter strategy
may use, according to the case, either DNA
or RNA, the nucleic acid is always DNA in
the former.

In order to address a specific molecular
target in vivo with techniques of genetrans-
fer, two main ingredients are necessary, both
more or less simultaneously developed in
these last two decades. The first ingredient
has been the development of recombinant
DNA technology, which has already yield-
ed important therapeutic applications (seethe
production of tissue plasminogen activator,
factor V11, and human insulin). In these cas-
es present technology is adapted to the pro-
duction, by bacteria or eukaryotic cells, of
large amounts of proteins normally not pro-
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duced by cells used for this purpose. Such
techni ques have been subsequently adapted
to in vivo or ex vivo gene transfer in hu-
mans. The second ingredient, yet to be much
improved, is the mastering of molecular
mechanisms at the basis of pathological
processes. Our imperfect knowledge of the
complex mechanisms involving multiple
genes at the basis of atherosclerotic vas-
cular disease has so far determined alarge-
ly empirical approach to the use of gene
therapy techniques in vascular disease. In
other words, we have a potent gun, but we
do not know yet where to aim precisely.
Techniques of gene transfer into cells in-
deed also promise to deepen our knowledge
of pathogenic mechanisms of disease,
through an improved analysis of mecha-
nisms of regulation of gene expression. Some
examples of these useswill briefly illustrate
such possibilities.

How to alter the genetic repertoire
or gene expression of target cells
to change vascular responses:
basic concepts

To ensure the transcription of aforeign
gene into mMRNA and its subsequent trans-
lation into protein, this has first to be in-
serted in aplasmid, i.e. acircular double-he-
lix DNA molecule capable of self-replicat-
ing in an eukaryotic host. The process
through which exogenous sequences of a
nucleic acid are introduced into a cell is
named transfection . Wewill first review the
constitutive characteristics of anucleic acid
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suitable for this purpose, and then how transfectionsin
vascular cells are performed. These concepts are the ba-
sisto understand practical options nowadays available,
and directions now taken for vascular gene therapy.

Construction of the nucleic acid. In the setting up
firstly invitro of methods for eukaryotic gene trans-
fections, it is necessary to clearly distinguish the prod-
uct of transcription of thetransfected construct from nor-
mal constitutive or induced gene products of thetar-
get cell. In order to control the success of such proce-
dures, several prokaryotic genes are used, whose prod-
ucts, easily detected and measured, do target cells nev-
er normally transcribing them. These genes are therefore
markers ( reporters) of the transfection occurred. An
examplefor alargely used reporter geneisthat of chlo-
ramphenicol acetyl transferase (CAT). CAT is an ex-
clusively bacterial protein, produced by some Es-
cherichia coli strains when they are exposed to the an-
tibiotic chloramphenicol. The expression of CAT pro-
motes the acetylation and, consequently, the inactivation
of chloramphenicol, thus conferring antibiotic resis-
tance to the bacterial strain. The detection of CAT ac-
tivity (aswell as of beta-gal actosidase activity or of the
activity of other reporter genes) alows usto measure the
transfer of foreign genetic material normally not present
in the repertoire of an eukaryotic cell.

In order to have the expression of the new protein it
is however also necessary that in the plasmid, in addi-
tion to the gene, some of its regulatory sequences,
named promoters and enhancers, are also inserted2. As
can be seeninfigure 1, the gene transfer, within aplas-
mid, of the sole CAT reporter gene does not per selead
to any expression of the protein. On the contrary, thisis
transcribed in large amounts when the CAT gene is
bound to avira promoter, for example that of the SV40
virus. It isindeed the non-coding region of the construct,
containing the strong viral promoter, to allow, oncethe
construct itself has been delivered inside the cell, the
rapid transcription of the gene downstream the pro-
moter (Fig. 1)3. In order to produce, first in vitro and sub-
sequently in vivo, a transfectable gene construct it is
therefore necessary to bind the gene of interest to a
promoter. This principle has been followed in the de-
velopment of techniques of human gene therapy, which
have been alogical extension of the in vitro approach-
esintroduced in research laboratorieslittle more than 15
years ago.

The choice of cells to transfect and of modes for
transfection. For an effective gene transfer into cells of
aliving organism, two alternative approaches are avail-
able, with conseguences on the precision of transfection
of the target cells*5. A first type of approach isto aim
only at the cell identified asthetarget. Thisisdone, for
example, in gene therapy for cystic fibrosis, attempting
to restore the defective gene of the chloride transporter
in cells of the respiratory mucosa. Another exampleis
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Figure 1. Transfection studiesin bovine aortic endothelial cellsusing pro-
moterless gene constructs (p0.chloramphenicol acetyl transferase-CAT),
highly expressed constructs containing the strong Sv40 viral promoter, and
constructs with a physiological promoter for the vascular cell adhesion
molecule-1 (VCAM-1). The insertion of the above plasmids into en-
dothelial cellswas obtained in these cases with the cal cium phosphate co-
precipitation technique (see text). Notice that gene expression, here mea-
sured through the activity of the reporter genefor CAT, is absent when the
CAT geneis bound to the strong viral promoter (SV40.CAT), but in this
case not subject to controls by cytokines [such as tumor necrosis factor
(TNF)-o., used in these experiments, or nitric oxid e (NO)]. Con-
versely, theinsertion of the physiological VCAM-1 promoter upstream of
the reporter gene confersthe physiological regulability to the VCAM-1 gene,
consisting of the inducibility by TNF-o. and the negative regul ation of such
induction by NO. When we intend, with gene therapy approaches, to
overexpress a given gene, thisis bound to a strong viral promoter, simi-
lar to the one here used. Such an approach has been for instance followed
in the construction of the plasmid for vascular endothelial growth factor
used for the first attempts of vascular gene therapy in humans. GSNO =
NO donor S-nitroso-glutathione. From De Caterina et al.3, modified.

genetherapy for some cancers, introducing the genefor
atyrosine kinase, which is able to convert the pro-drug
gancyclovir into an active toxic product inducing cell
death. Such trestments are, by choice, exclusively directed
to the transfected cell.

An aternative approach may be however the inser-
tion of acell in agene whose product isthen ableto in-
fluence, with a paracrine mechanism, neighboring cells.
This has been done, for example, in attemptsto promote
coronary angiogenesis, or in those aiming at increasing
the production of hormonal products.

Another important distinction is between approach-
es of gene therapy requiring the isolation of target cells,
thein vitro gene transfer in such isolated cells, and the
subsequent reintroduction of engineered cellsin the pa-
tient s organism (ex vivo gene therapy) and approaches
by which transfection is directly attempted in vivo. For
organs or organ segments that are difficult to access for
sampling, it isindispensableto rely on these techniques
alowing the direct penetration of the gene into the tar-
get tissue.

Methods of gene transfer in vascular cells and my-
ocytes. To obtain the transfer of foreign genetic mater-
ial within cells, severa methods have been devel oped,
grouped in three big categories*6.7 (Table I). These in-
clude: a) physical and chemical methods ( naked DNA
and cationic liposomes); b) methods based on the use of
viral vectors, therefore producing real local infections
(retroviruses, adenoviruses, adeno-associated viruses);
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Tablel. Vehicles and vectors for gene transfer.

Vehicle/vector

Advantages

Disadvantages

Plasmids-liposomes

DNA-protein complexes

Viral fusigenic liposomes
(liposomes conjugated with
proteins of hemagglutinating virus

Non immunogenic
Easy to produce
No limitationsin DNA dimensions

Absence of vital viruses
No limitationsin DNA dimensions

Absence of vital viruses
No limitationsin DNA dimensions
High efficiency

Low efficiency
No integration into host genome

Efficiency in vivo unknown
Duration of expression unknown

Safety still unknown

Possible immunogenicity

of Japan (Sendai virus)

Retroviruses Well known
Long duration of expression
Integration into host genome
Adenoviruses Only work on differentiated cells

High in vivo efficiency
High viral titer (101/ml)

Adeno-associated viruses

Herpes viruses

High in vivo efficiency

High in vivo efficiency

Only work replicating cells

Transgene hasto be < 8 kb

Low viral titer (< 107/ml)

Associated with risk of lymphomain monkeys

No integration into host genome

Complex vird structure

Potentially pathogenic

Strong immune reaction

Short duration of expression

Transgene hasto be < 8 kb

May recombine with wild adenoviral strains

Not yet used in vascular gene therapy
Potential contamination with adenoviruses
Possible integration into host genome

Not yet used in vascular gene therapy
Potentially pathogenic

and c) conjugated viral vectors (adenovirus-augmented
receptor-mediated vectors, hemagglutinating virus of
Japan, Sendai virus-liposomes)s.

The first evidence for the practical possibility of
transfecting foreign genetic materia within mammalian
cells was obtai ned through the use of physic and chem-
ical methods, such asthe so-called calcium phosphate
co-precipitation °. This technique requires the suspen-
sion of the plasmid in a calcium phosphate solution,
which is then applied on cultured cells. The ensuing
precipitation of the salt and the formation of salt crys-
tals on the cell surface facilitate the transfer of genetic
materia through plasmamembrane (Fig. 1). Thissystem
however alows the transfection of few cells, in anum-
ber variable between 1/1000 and 1/10 000. The term

transfection efficiency indicatesthe percent of cellsex-

posed to the transgene that show evidence of expression
of the transgene. This varies, in this case, between 0.1
and 0.001%. Among other physical and chemical vehi-
cles, the so-called cationic liposomes are also of inter-
est. These arelipid vesicles containing the solution with
the plasmid to transfect, which alow the fusion with
plasmamembrane and the passage of the liposomal con-
tent into the cytoplasm. The cell, through a process of mi-
cropinocytosis, isthus ableto internaize the microsoma
particles; the nucleic acid sequence is thus also partial-
ly protected from lysosomal degradation. For their cation-
ic charge, liposomesform e ectrostatic bonds with DNA
moleculesto11,
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Methods of gene transfer based on the use of vird vec-
tors exploit the intrinsic capability of viruses of trans-
ferring genetic material into infected cells. Some virus-
es (retroviruses) are ableto insert (integrate) their genetic
material into the genome of the host cells, while others
maintain their genomein the nucleus separated from that
of the infected cell. Viral vectors of both types have
been produced and used for gene therapy.

Theoreticaly, an ideal method of gene transfer should
be ableto transfer an adequate amount of genetic mate-
rid for asufficiently long timeinto arelevant population
of target cells, in order to reach the desired therapeutic
effect without accessory risksfor the patient. In practice,
thisistill, at the present time, impossibleto realize, and
there are only variable approximationsto the ideal vec-
tor. Each of the methods of gene transfer available has
some limitations, but it is interesting that the choice of
systems avail able can now be done based on the objec-
tive to reach (Table I). Physical and chemical methods
for genetransfer ( naked DNA and liposomes) havethe
advantage of being practical, easy to prepare, and safer
asto side effects, but are, as discussed above, much less
efficient than viruses in transferring genes to cells and
maintaining them active over time. On the other hand,
viral vectors are able to transfer the gene of interest
with greater efficiency, but have problems of suscepti-
bility to specific destruction by the host immune system.
In addition, retroviral vectors, which allow usto obtain



Ital Heart J Vol 1 Suppl 3 2000

astable genomic insertion of the transfected material be-
cause of its chromosomal incorporation, expose the tar-
get cell to the risk of insertion mutations. Moreover, a
state of cell proliferation isnecessary. This characteristic
iscompatible, for example, with the use of these vectors
for the transfection of concanavalin A-stimulated T
lymphocytes, as has been done in the defects of adeno-
sine-deaminase in the syndrome of combined immune
deficiency’2. In the cardiovascular area, this approach has
been used in processes of restenosis partially caused by
smooth muscle cell proliferation3. Retroviral vectors
have little chances of use in the case of slow-prolifer-
ating cells, such as endothelial cells. Finally, adenovi-
ral vectors, at variance from retroviruses, do not re-
quire proliferating cells for efficient gene transferl4,
but induce atransient transfection, lasting afew weeks,
and may cause a state of local inflammation!517. Some
of these disadvantages may be overcome by adeno-as-
sociated virusests.

Itis however possibleto choose the method of most
suitable gene transfer according to the effect which we
want to obtain. As an example, while the expression of
proteins which have to remain within the cell requires
a high transfection efficiency, presently only offered
by vira vectors, thisis not required in the case of pro-
teins which will have to be secreted and only act with
paracrine effect. In this case, thereis no need for ahigh
transfection efficiency and non-viral methods are there-
fore suitable. Such considerations have guided most
recent successfully used techniques in vascular gene

therapy.
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